1. Introduction {#sec1}
===============

Pollution of various water supplies is among the most paramount matters for the supply of water; contaminants can penetrate and transfer to freshwater consumed by mankind [@bib1]. The exclusion of many pollutants, such as organic materials, dangerous microbes and heavy metals, is therefore important for the protection of a secure and clean water system [@bib2]. Drinking water free of maleficent microbes is one of the world\'s healthiness trouble [@bib3]. The primary source of these undesirable and dangerous contaminants to humans that are released into aquatic settings is raw and insufficiently handled sewage [@bib4]. Many myriad of people were affected by the high concentration of several and various contaminants [@bib5], with many low-income nations opposite a cumbersome challenge in the quality of non-toxic and hygienic water [@bib6].

Wastewater discharge obviously amplified the density of microbial populations in the receiving water streams [@bib7]. Water and wastewater management are a tremendous importance concern of our civilization and other activities [@bib8]. At present, increased requirements of the rank for handled drinking water could also have been achieved through three distinct water treatment methodologies. From these techniques of treatment, chlorine-based disinfection is the greatest crucial practice, and chlorine use is an efficient and economical inhibitor for pathogens. Nevertheless, chlorination has some weaknesses which are most important in the occurrence of undesirable decontamination by-products (DBPs) including oncogenic mixtures for instance trihalomethanes (THMs) and haloacetic acids (HAAs), that can be generated, as soon as chlorine interact with natural organic substances (NOMs) [@bib9]. In addition, the existence of some organisms prone to chlorine could increase significantly in water. A sophisticated approach of chlorination which do not form DBPs and is more beneficial toward chlorine-resistant species is therefore strongly recommended for the treatment of water and wastewater [@bib10].

Nanotechnology has been discovered as a hopeful method for drinking water and municipal wastewater decontamination [@bib9] outstanding to the peculiar characteristics of these nano materials. Thus, diverse nanomaterials were synthetized as sanitizer to achieve next-generation requirement of operative, affordable, or sustainable disinfectant in treating water [@bib11]. Among of these nanomaterials, Magnetic Nano-Particles (MNPs) are extensively used for ecological applications, in particular, for decontamination of contaminated water by undesired and harmful microorganisms [@bib12]. Generally, the application of MNPs has established much more considerations because of their distinct properties, for instance tremendously small size, higher surface-area, surface formation, superior magnetic properties and prodigious antimicrobial effects. Moreover, MNPs have been suggseted as disinfectact, nanosorbents and photocatalysts in wastewater management [@bib8]. In addition to MNPs could have eradicating a many types of microbial lineages, including bacteria, parasites, fungi and viruses [@bib13].

Perovskites (ZnTiO~3~) nano-materials are a group of functional engineering materials and the physico-chemical properties of interest can be rationally tailored to improve electrical and catalytic properties [@bib14]. Perovskites are considered as a hopeful catalysts materials for various industrial processes in purification of non-biodegradable and pre-treated wastewater, micro- and nanoelectronics, ammonia synthesis, dehydrogenization of butylene and decomposition of H~2~O~2~ and alcohols,.. etc. ZnTiO~3~ with perovskite structure can be transferred into Zn~2~TiO~4~ (cubic spinel structure) and TiO~2~ by heat treatement or by introducing transition element dopants \[[@bib14], [@bib15]\]. Furthermore, preceding studies have demonstrated that such semiconductors (TiO~2~, ZnO, ZnTiO~3~, \....etc) can degrade different kinds of organic pollutants as pesticides, dyes, detergents, and volatile organic composites in dielectric and water and wastewater [@bib16].

Recently, MNPs has been significant interest with various applications of the terahertz frequency regime for characterization and identification of THz radar, biological material, electro-optic coefficients and THz communication with priorities on interaction between the applied electromagnetic radiation and metal oxides and/or biological material [@bib17].

In general, according to the promising using for MNPs in drinking water and domestic wastewater management this study was implemented to study the usage of sol-gel fabricated Zn~2~Ti~0.8~Fe~0.2~O~4~, magnetic nanoparticles with cubic spinel structure at lower temperature as a forceful and innovative disinfectant for killing of some ubiquitous harmful microbial lineages during water and wastewater management. Moreover, the studied magnetic nanoparticles Zn~2~Ti~0.8~Fe~0.2~O~4~ (MNPs), it can also be used in several applications, such as water decontamination, food packing and biomedical application.

2. Experimental {#sec2}
===============

2.1. Fabrication of magnetic nanoparticles (MNPs) {#sec2.1}
-------------------------------------------------

Iron zinc titanate (Zn~2~Ti~0.8~Fe~0.2~O~4~) nanoparticles (magnetic nanoparticles (MNPs) were prepared via sol-gel route. The raw materials used to prepare the nanosized-sample are titanium(IV) isopropoxide Ti\[OCH(CH~3~)~2~\]~4,~ zinc acetate Zn(O~2~CCH~3~)~2~, and iron(III) nitrate nonahydrate Fe(NO~3~)~3~ · 9H~2~O. Certain amounts of iron nitrate and zinc acetate were disbanded in filtered (H~2~O) and acetic acid CH~3~COOH, while the titanium iso-propoxide was dissolved in acetylacetone (CH~3~COCH~2~COCH~3~). After the dissolving process the various solvent mixed together with magnetic stirring. The produced homogeneous solution was dried on hotplate at 200 °C until obtaining a completely xerogel then calcined at 800 °C for 4h. Finally, the obtained nano-powder was grinding into fine nano-powder.

2.2. Characterization {#sec2.2}
---------------------

The crystal structure of the Zn~2~Ti~0.8~Fe~0.2~O~4~ nanoparticles was characterized via X-ray Bruker- D8 advance diffractometer (XRD- Japan) with monochromatized (CuKα) radiation with λ = 1.54056 Å worked at (40 kV and 40 mA. Surface morphology of the prepared nanopowder was scanned via field emission-scanning electron microscope (FE-SEM), (JEM -- 1230; Japan). The dielectric measurements were carried out by using Broad-band Dielectric Spectroscopy (B-BDS, German) type Novocontrol concept 40. The nanopowders were pressed into tablets with thickness 2 mm and 14 mm in diameter in order to carry out the dielectric measurements. The dielectric measurements were carried out by using sample holder with two stainless steel parallel electrodes coated with gold and 10 mm in diameter.

THz Time-Domain Spectroscopy System (TeraView TPS 3000- England), the laser source is a merchant mode-locked Ti:sapphire laser (Spectra Physics Mai Tai) producing 70--120 fs pulses at 780--920 nm with a recurrence level of 80 MHz and a typical power of 600--1200 mW. The fs laser beam was split into two beams, one for stimulating the emitter antenna, and the second one for determining the THz signal at the detector crystal. The THz emitter is a coplanar stripline antenna manufactured on a semi-insulating (SI) GaAs wafer. The gap space of the emitter antenna is 200 μm and is stimulated with a 7-mW of intensive laser beam. The values of the refractive index, n and the absorption coefficient, α of the Zn~2~Ti~0.8~Fe~0.2~ O~4~ nano-particles sample are estimated from the evaluated data using the Eqs. [(1)](#fd1){ref-type="disp-formula"}, [(2)](#fd2){ref-type="disp-formula"}, [(3)](#fd3){ref-type="disp-formula"}, [(4)](#fd4){ref-type="disp-formula"}, [(5)](#fd5){ref-type="disp-formula"}, and [(6)](#fd6){ref-type="disp-formula"}. The refractive index, n and the absorption coefficient, α of the Zn~2~Ti~0.8~Fe~0.2~ O~4~ nano-particles are evaluated using the recorded data by using Eqs. [(2)](#fd2){ref-type="disp-formula"} and [(4)](#fd4){ref-type="disp-formula"}.$$T = e\frac{\left( 4\pi Kd \right)}{\lambda} \ast \frac{{\left( 1 - R \right)^{2} + \left( 4Rsin\psi \right)}^{2}}{\left. \left( \ \left( 1 - Re\frac{\left( {4\pi Kd} \right)}{\lambda} \right) \right.^{2} + 4Re\frac{\left( {4\pi Kd} \right)}{\lambda}\ sin^{2}\left( \frac{\left( {2\pi nd} \right)}{\lambda} \right) + \psi \right)}$$$$R = \frac{{K^{2} + \left( n - 1 \right)}^{2\ }}{{K^{2} + \left( n + 1 \right)}^{2\ }}$$$$\alpha\left( \omega \right) = \frac{1}{d}\ln\frac{\left| {E_{s}\left( \omega \right)} \right|}{\left| {E_{r}\left( \omega \right)} \right|}\ \ \ \ \ $$$$n = 1 + \frac{\left\lbrack {\varnothing_{s}\left( \omega \right) - \varnothing_{r}\left( \omega \right)} \right\rbrack c}{d\omega}\ \ \ $$$$\text{ε}\prime = \text{~\!n}^{2} - \text{K}^{2}$$$$\text{ε}'' = 2\text{nK}$$Where (*T and R*) are the transmission coefficient and the reflection coefficient of the prepared sample, (φ) is the transmitted wave phase shift, (ψ) is the phase shift of the reflected wave, the sample thickness is d, (*n* and *K)* are the refractive index and absorption coefficients, the corresponding amplitude \|*E*~*sam*~*(ω)*\|, \|*E*~*ref*~*(ω)*\| and both (εʹ and εʺ) are dielectric parameters, respectively.

2.3. Antimicrobial susceptibility test {#sec2.3}
--------------------------------------

### 2.3.1. Zone inhibition test {#sec2.3.1}

Three different groups of extremely prevailing harmful pathogenic microorganisms such as Gram-negative bacteria (*Escherichia coli* ATCC 25922, *Salmonella enterica* ​serovar typhimurium ATCC 14028), Gram-positive bacteria (*Listeria monocytogenes* ATCC 25152, *Staphylococcus aureus* ATCC) and fungal species (*Candida albicans*, and *Aspergillus niger* local strains) were chosen to evaluate the inhibition efficiency of fabricated MNPs-disinfectant using both disk and well diffusion assays using Mueller Hinton medium (Merck, Germany) [@bib18]. The diameters of inhibition zone (mm) around the disks and wells as inhibitory influences were measured. All experiments in this study were multiplied in three times and were replicated triplicate on different days [@bib18].

### 2.3.2. Minimal inhibitory concentrations (MIC) {#sec2.3.2}

The MIC of MNPs against the mentioned harmful microbial pathogens was estimated by broth dilution methods [@bib19]. The MIC was defined as the minimum concentration of MNPs-disinfectant at which no growth was observed following overnight incubation at 37 °C. Briefly, ten mL sterile distilled water tubes which containing three different concentrations (5, 15 and 25 ppm) of studied MNPs-disinfectant was inoculated by 100 μL of each a 24 hr-microbial culture. Free-disinfectant tubes were done as a control for each mentioned microbial species. All experiments were started under steady conditions in shaking incubator (at 25 °C and 250 rpm of shaking) [@bib20]. For the inactivation effects, one mL of each inoculated tubes was taken at five different contact times (5, 15, 30, 45 and 60 min) for estimation of the viable cell densities using pour plate method according to the literature [@bib21].

The initial counts in all experiments were estimated at zero time. The inactivation efficacy at every exposure time was repeated [@bib22]. The inactivation efficacy was elaborated according to [Eq. (7)](#fd7){ref-type="disp-formula"}.where *I %* = inactivation efficiency, C~1~ = initial counts of microbial strain; C~0~ = counts of microbial strain at each sampling time.

2.4. Kinetic modelling for mechanism of action {#sec2.4}
----------------------------------------------

In order to evaluate the inactivation rate of the tested microbial lineages, the pseudo-first-order equation was expressed for determining the inactivation rate of studied MNPs-disinfectants [Eq. (8)](#fd8){ref-type="disp-formula"} [@bib23].$$\log\left( {q_{e} - q_{t}} \right) = \log q_{e} - \frac{k_{1}t}{2.303}$$where *k*~*1*~ (1 min^−1^) is the inactivation rate constant of a pseudo-first-order equation, and *q*~e~ (mg.g^−1^) and *q*~t~ (mg.g^−1^) define the absorbed amount at equilibrium and at time *t* (min), respectively. The relation between ln (*q*~*e*~ *-- q*~*t*~) and *t represents* a straight line that recommended that this kinetic model is fitting to the gained information.

2.5. Toxicity performance assay {#sec2.5}
-------------------------------

To evaluate the hazardous effects of studied MNPs, the toxicity levels of MNPs-disinfectant were measured via a cytotoxicity methods on the Hep-2 cell line with Microtox Analyzer 500 \[[@bib24],[@bib25]\].

2.6. Application of MNPs in DW and wastewater management {#sec2.6}
--------------------------------------------------------

In disinfection of three distinct kinds of water (Nile water, tap water mixed with target microbes, and raw domestic sewage), the powerful dosage of MNPs was implemented. Some prevalent waterborne pathogens such as *E. coli*, *S. enterica*, *L. monocytogenes*, *S. aureus*, *C. albicans* and *A. niger* were counted before and after adding the dose of disinfectant in the tested water samples. All these pathogens were enumerated using spread plate method by spreading 100 μL of each water sample onto surface of plate containing rapid HiColiform agar, Improved Salmonella agar, Hicrome Aureus agar, Hicrom Listeria selective agar, Hicrome Candida selective agar and Sabouraud Dextrose agar, respectively. All media used were bought from HiMedia Co., India [@bib21].

With the proficient dose of MNPs-disinfectant, three conical bottles every one having 50 mL of Nile water, inoculated tap water and raw wastewater trials were thoroughly cleaned. The flasks were agitated using shaker at 250 rpm and 25 °C. A 100 μL of each flask, which inoculated by tested harmful microbes, was taken within different time intervals as a following; zero, 5, 10, 20, 30, 40, 50 and 60 min, and stretched to the revealed surface of selective agar medium. All injected dishes were subsequently incubated overnight at thermophilic condition (37 °C), and the typical colonies have been calculated [@bib19].

3. Results and discussion {#sec3}
=========================

3.1. XRD and FE-SEM studies {#sec3.1}
---------------------------

XRD Chart of Zn~2~Ti~0.8~Fe~0.2~O~4~ shows a well-defined polycrystalline zinc titanate with a cubic spinel structure (A~2~BO~4~) as present in [Fig. 1](#fig1){ref-type="fig"}. The peaks of the obtained cubic structure were indexed according to (JCPDS Card 86-0156) that refers to the cubic spinel Zn~2~TiO~4~ phase. While the residual peaks refers to the Rutile TiO~2~ as indicated in the chart. The XRD chart didn\'t refer to any other phases containing Fe. This result confirms that the weight amount of Fe is completely replacing the titanium ion inside the structure \[[@bib26], [@bib27], [@bib28]\]. The Rutile phase was appeared due to the effect of Fe ion that transferred the perovskite phase ZnTiO~3~ (rhombohedral) to cubic spinel structure Zn~2~TiO~4~ and Rutile TiO~2~.Fig. 1Shows the indexed XRD of Zn~2~Ti~0.8~Fe~0.2~ O~4~, calcined at 800 °C.Fig. 1

The average particle size (*D*) was evaluated by Scherrer [Eq. (9)](#fd9){ref-type="disp-formula"}:Where λ is the X-ray wave length (1.5406 Å), the correction factor k is 0.9 and β is the Full width at half maximum of the selected peak [@bib29]. The average particle size (D) was found to be 53 nm. [Eq. (10)](#fd10){ref-type="disp-formula"} was used to evaluate the lattice parameters (a) of the cubic structure of the sample.

h, k and l are the Millar indices, d is the d-spacing and a is the lattice parameter. The value of lattice parameter a is 8.459 Å, according to [Eq. (10)](#fd10){ref-type="disp-formula"}. The XRD density (D~x~) and is given by*M* is the molecular weight of the materials and *N*a is Avogadro\'s number and

According to the chemical formula of the sample Zn~2~Ti~0.8~Fe~0.2~O~4~

M~Zn~, M~Ti~, M~Fe~ and M~O~ are the molecular weight of Zn, Ti, Fe an O. The specific surface area (*S*A) is given by

The specific surface area was found to be 21.12 m^2^/g [@bib30].

The characteristic surface morphology of ZT/20 Fe nano-particles was inspected by the high resolution-scanning electron microscopy (HR-SEM) at two magnifications (20,000x and 80,000x), as seen in [Fig. 2](#fig2){ref-type="fig"}. The images reveal that the sample shows a dense arrangement of homogeneous cubic nanoparticles with some spherical shape [@bib14]. The chemical composition for Zn~2~Ti~0.8~Fe~0.2~O~4~ sample was confirmed by EDX, as displayed in [Fig. (2](#fig2){ref-type="fig"}c).Fig. 2Shows the FE-SEM of Zn~2~Ti~0.8~Fe~0.2~ O~4~, calcined at 800 °C at two magnifications (a) 20,000x and (b) 80,000x and (c) EDX.Fig. 2

3.2. Dielectric properties {#sec3.2}
--------------------------

The dielectric constant of Zn~2~Ti~0.8~Fe~0.2~O~4~ decreases with increasing frequency and nearly becomes stable at high frequency, as seen in [Fig. 3](#fig3){ref-type="fig"}. The decreasing of the dielectric constant at high frequency is assigned to the disappearance of the effect of some different types of polarizations such as interfacial polarization, orientaional polarization, etc \[[@bib31], [@bib32]\]. The behavior of dielectric constant with frequency of Zn~2~Ti~0.8~Fe~0.2~O~4~ shows two plateaus in the curve that attributes to the presence of two dielectric relaxation processes in the sample. The first plateau lies in the low frequency up to 100 Hz may be released from the dispersion of interfacial polarization, Maxwell-Wagner model. This model states that polycrystalline ceramics (MNPs) have a varied microstructure in which the insulating grain boundaries surrounding the semiconducting or conducting grains. During the application of an alternating electric field (AC) the charge carriers are going to be collected in the grain boundaries and hence building up the interfacial polarization at low frequency [@bib33]. While, the second plateau may be due to the relaxation of grains itself. The (Mʹʹ vs υ) curve shows two peaks distributed over the studied frequency range. The presence of such two peaks confirms the presence of two relaxation processes along the frequency range [@bib34]. The first peak is attributed to the dipolar polarization that results from the interfacial polarization, while, the second peak is attributes to the dipolar polarization results from the grains [@bib35]. The relaxation frequency of the peak at high frequency separates between two mechanisms of conduction. At low frequency zone below the relaxation frequency the conduction is due to hoping over long distance while at high frequency over the relaxation frequency the conduction mechanism is released from short rang hoping [@bib36]. These results are confirmed by the (σ vs υ) curve [Fig. 4](#fig4){ref-type="fig"}, where the conductivity curve shows two distinct areas. In the first area the conductivity increases relatively with frequency that attributes to the high resistive grain boundaries. With increasing frequency, the effect of the semiconductive grains becomes dominant and leads to increase conductivity linearly with frequency \[[@bib37], [@bib38]\].Fig. 3Shows the frequency dependency of dielectric constant (ɛʹ) versus the imaginary part of dielectric modulus (Mʹʹ) of Zn~2~Ti~0.8~Fe~0.2~ O~4~, calcined at 800 °C.Fig. 3Fig. 4Shows the frequency dependency of conductivity (σ) of Zn~2~Ti~0.8~Fe~0.2~O~4~, calcined at 800 °C.Fig. 4

[Fig. 5](#fig5){ref-type="fig"} displays the variation of the loss tangent versus frequency. It reveals that loss tangent attains high values at lower frequency and remains nearly constant at high frequency with lower values. In lower frequency range the grain boundaries has the prominent effect in polarization under the direct effect of the external field. So, ceramic sample is highly resistive at low frequency and hence more energy is needed in order to transfer charge carriers. With increasing frequency the loss tangent decreases and then has a peak at 420 Hz. The presence of such peak is owing to the matching between the frequencies of the applied field with the hopping frequency of charge carriers. At high frequency region the effect of grain boundaries decreases and hence small amount of energy is needed for transferring charge carriers. So, loss tangent decrease with frequency [@bib39].Fig. 5Shows the loss tangent versus frequency of Zn~2~Ti~0.8~Fe~0.2~ O~4~, calcined at 800 °C.Fig. 5

3.3. Terahertz spectroscopy {#sec3.3}
---------------------------

The values of both refractive index, n and absorption coefficient, α of the highly ordered Zn~2~Ti~0.8~Fe~0.2~ O~4~ nano-particles sample are studied from the evaluated data via the Eqs. [(1)](#fd1){ref-type="disp-formula"}, [(2)](#fd2){ref-type="disp-formula"}, [(3)](#fd3){ref-type="disp-formula"}, and [(4)](#fd4){ref-type="disp-formula"}. The (α) spectrum of the highly ordered Zn~2~Ti~0.8~Fe~0.2~O~4~ nano-particles obviously an increasing in the absorption accompanied with shifted towards higher (THz) frequencies ([Fig. 6](#fig6){ref-type="fig"} (a)). The decrease in the absorption losses with the (THz) frequency is due to the creation of relaxation process in the dense structure and higher chain length Zn~2~Ti~0.8~Fe~0.2~O~4~ nano-particles sample. The obtained frequency domain data was used to extract the refractive index (n) of the highly ordered Zn~2~Ti~0.8~Fe~0.2~O~4~ nano-particles, as shown in [Fig. 6](#fig6){ref-type="fig"} (b). The (n) values at the lower (THz) is higher than at the optically higher frequency, which can predictable that the refractive index values in the terahertz regime to oncoming the optical values at the higher frequencies [@bib40].Fig. 6(a) Absorption coefficient (α) and (b) the refractive index (n) in THz for Zn~2~Ti~0.8~Fe~0.2~ O~4~ nano-pervoskite.Fig. 6

The estimated time domain, the Fourier transformed frequency domain and the electric field of terahertz pulses in the highly ordered Zn~2~Ti~0.8~Fe~0.2~O~4~ nano-particles sample with their reference (air) are measured in the time domain, and the equivalent frequency spectra are gained from the employ of the numerical Fourier transforms, as presented in [Fig. 7](#fig7){ref-type="fig"} (a,b). Every pulse curve for both the reference and Zn~2~Ti~0.8~Fe~0.2~O~4~ nano-particles sample is the average of three subsequently measurements with an approach to increase the ratio of the signal-to-noise. Also, the shift time between the reference (air) and the Zn~2~Ti~0.8~Fe~0.2~O~4~ nano-particles was ∼0.18 ps. The empirical real (εʹ) and imagery (εʺ) parameters as a dielectric functions of the prepared sample were calculated using the Eqs. [(5)](#fd5){ref-type="disp-formula"} and [(6)](#fd6){ref-type="disp-formula"}. Form the [Fig. 7](#fig7){ref-type="fig"}(c), there is a pronounced relaxation process eventuating in the scale of 0.21--0.53 THz for the Zn~2~Ti~0.8~Fe~0.2~O~4~ sample and decreases slightly with the THz frequency. This decrease may be due to the tenuous distortion of Zn~2~Ti~0.8~Fe~0.2~O~4~ nano-particles, which indicate the gradually change and the weak infra-red activity in terahertz regime [@bib41].Fig. 7(a) Time domain THz waveforms, (b) the electric field: Fourier transforms of the corresponding time-domain signals and (c) the real (εʹ) and imaginary (εʺ) of the dielectric functions for Zn~2~Ti~0.8~Fe~0.2~O~4~ nano-pervoskite.Fig. 7

It\'s noted that the imaginary dielectric constant (εʺ) of the sample decrease slightly and is relatively constant in the higher (THz) frequencies. Which elucidate the high responsive measurements of the infrared active modes enabling from the detection of the weak internal changes in the highly ordered Zn~2~Ti~0.8~Fe~0.2~O~4~ nano-particles.

3.4. Antimicrobial susceptibility testing {#sec3.4}
-----------------------------------------

Iron oxide NP (IONP) is one of the most metallic oxides distributed in nature and simply fabricated. MNPs have a gigantic attention in ecological, biomedical, and water purification applications due to their peculiar properties \[[@bib42], [@bib43]\]. In this research, the fabrication of MNPs was based on presence of iron, TiO~2~ and Zn. [Table 1](#tbl1){ref-type="table"} shows the effect of fabricated MNPs to some problematic and dangerous microbial lineages using disk and well diffusion methods. Obvious inhibition effects measured by zone diameters were noticed toward all tested microbial lineages. Results unveil that Gram-negative species were more susceptible to MNPs than other tested microbes. The highest inhibition zone diameter reached 14 and 16 mm using disc and well diffusion methods for *S. enterica*, while the lowest diameters reached 10 and 11 mm using disc and well diffusion methods for *A. niger*. Due to the unique structure of studied fabricated MNPs, the highly antimicrobial activity of these nanomaterial caused by the presence of each TiO~2~ and Zn was clearly observed against tested harmful microbial lineages. Our results in agree with [@bib44] who stated that TiO~2~ able to eradicate both Gram positive and negative bacteria. Moreover, ZnO in nano-scale size displays a forceful antibacterial action on a miscellaneous varieties of bacterial lineages \[[@bib45], [@bib46]\]. MNPs are the reliable disinfectant toward *Bacillus subtilis* developing a clear area of 18 mm with regard to the outcomes of the disc diffusion approach. The minimum effect was against *L. monocytogenes* with zone of inhibition (8 mm). The width of given clear zone toward target strains; *S. enterica*, *C. albicans*, *S. aureus*, *E. coli*, *P. aeruginosa*, and *E. faecalis*, respectively were 10, 10, 11, 12, 12, and 12 mm. Furthermore, results in compatible with [@bib19] who revealed that, Clear area widths using well diffusion techniques were larger than that of the disk diffusion technique. In antimicrobial sustainability test, results found that *Staph. aureus* as a Gram-positive bacteria is highly resistant than *E. coli* as a Gram-negative bacteria [@bib46]. In contrast [@bib47], confirmed that *P. aerugenosa* is stronger than *S. aureus* this might to owing to the difference in the dose of MNPs and types of bacterial lineages.Table 1Inhibition zone testing and clear zone diameters of MNPs against tested harmful microbial lineages.Table 1Tested harmful microbial lineagesClear zone diameter (mm)Disc diffusionWell diffusion*E. coli*13 ± 0.2315 ± 0.21*Salmonella enterica*14 ± 0.1816 ± 0.24*Staphylococcus aureus*11 ± 0.1913 ± 0.19*Listeria monocytogenes*12 ± 0.2814 ± 0.17*Candida albicans*11 ± 0.2213 ± 0.15*Aspergillus niger*10 ± 0.2911 ± 0.22

[Fig. 8](#fig8){ref-type="fig"} represents the cell viability and log reduction values of tested microbial lineages exposed to three different doses of MNPs. Different doses of MNPs solution (5, 15, and 25 ppm) significantly decreased the total population densities of the tested microbial lineages. Results display that 25 ppm of MNPs could be fully reduced within 30 min of exposure time for both *E. coli* (from log 6.57 to 0 CFU/ml) and *S. enterica* (from log 6.65 to 0 CFU/ml). While the target Gram-positive species (*S. aureus* and *L. monocytogenes*) and *C. albicans*, the log reduction of microbial densities was wholly removed at 25 ppm of MNPs for 45 min of exposure time. Among of tested microbes, the reduction of *A. niger* form log 6.46 to 0 CFU/ml was relatively the lowest (at 25 ppm for 60 min) when comparing with other tested microbes. It\'s well-known that TiO~2~ is the most frequently nanoparticle used to eliminate dangerous microbes in water sources. The eradication of these microbes depends on numerous issues *e.g.,* dose of TiO~2~, type of microbes, strength of light, degree of hydroxylation, pH, temperature, and exposure time [@bib48]. In addition TiO~2~ nanopaticle can eliminate harmful miocobial lineages by producing some reactive oxygen species (ROS) [@bib49].Fig. 8Cell viability and log reduction of tested harmful microbial lineages (a) *E. coli*, (b) *S. enterica*, (c) *L. monocytogenes*, (d) *S. aureus*, (e) *C. albicans*, (f) *A. niger* inactivated by different doses of MNPs within various exposure times.Fig. 8

Our results closely similar with [@bib50] revealed that the impact of TiO~2~ on five distinct microbial species was researched and the inhibition rate of these bacterial species was as follows; *E. coli* \> *P. aeruginosa* \> *S. aureus* \> *E. faecium* \> *C. albicans.* On the other hand, the presence of Zn could be improved the inhibition activities of studied MNPs. Even though ZnO nanoparticles have antimicrobial properties, waterborne pathogenic microbes can be extremely affected. Since ZnO dissolves effortlessly, its applications in water purification will be limited.

3.5. Application of Pseudo-first-order kinetic model modeling {#sec3.5}
-------------------------------------------------------------

To better understanding the inactivation rate and the effect of MNPs disinfectant to tested microbial lineages, Pseudo-first-order kinetic model was applied and the *k*~*1*~ values were calculated from [Eq. (8)](#fd8){ref-type="disp-formula"} as shown in [Fig. 9](#fig9){ref-type="fig"} and [Table 2](#tbl2){ref-type="table"}. The values of *R*^*2*^ and *k*~*1*~ constant pointed out there are a strong correlation with significance between the dose of MNPs (5 and 15 ppm) and the inactivation rate of tested harmful microbial lineages. The order of inactivation rate determined by *K*~*1*~ constant was in *E. coli* (0.0882)\> *S. enterica* (0.0558) \> *S. aureus* (0.0379) \> *L. monocytogenes* (0.0558) \> *C. alibicans* (0.0099) ∼ *A. niger* (0.0098). Additionally, the rate of inactivation was more rapidly with increasing the dose of MNPs up to 15 ppm. These results in accordance with [@bib22] who used *K*~*1*~ constant model to express the inactivation rate values of *E. coli* after exposure to photocatalysts.Fig. 9Pseudo-first-order kinetic fitting of 5 ppm MNP-disinfectant at different exposure times for tested microbes (a) *E. coli*, (b) *S. enterica*, (c) *L. monocytogenes*, (d) *S. aureus*, (e) *C. albicans*, (f) *A. niger*.Fig. 9Table 2Kinetic values (*K*~*1*~(min^−1^)) of Pseudo-first-order calculation for inactivation of tested harmful microbial lineages by fabricated MNPs.Table 2Tested microbial pathogensMNPs dose5 ppm15 ppm*K*~*1*~*R*^*2*^*K*~*1*~*R*^*2*^*E. coli*0.08820.96880.36730.7725*S. enterica*0.05580.97370.35070.7698*L. monocytogenes*0.02470.99310.30010.8133*S. aureus*0.03790.98120.29810.9812*C. albicans*0.00990.98880.28480.786*A. niger*0.00980.98860.28030.8004

3.6. Toxicity assays {#sec3.6}
--------------------

The experimental results exhibit that MNPs was environmental benign and its EC~50~ was 348 mg/L (\>100 mg/L), it means that the tested MNPs could be safe for using in water treatment. These results are compatible with the results of [@bib51]. Besides, the cytotoxicity assay pointed out that MNPs haven\'t any negative effect toward Hep-2 cell line [@bib52]. Although Cu is regarded as an efficient agent with adequate toxicity to animals [@bib53]. The harmfulness and ecological impact of NPs are ultimate anxieties for choosing of the safeguard disinfectant for safely using in water treatment field. As well, WHO is revealed that Zn concentration lower than 3 mg/l might be applicable to individuals [@bib54]. The toxicity of MNPs is still a fundamental issue of discussion [@bib55].

3.7. Mechanism of action of inactivation {#sec3.7}
----------------------------------------

In general, the antimicrobial action of MNPs mainly purposes by three different ways for killing of bacteria: destruction of cell wall; liberating of toxic substances, which causing failure in protein function when react with proteins, and thus eradicating the viable microbial cells; and producing reactive oxygen (ROS), an active reactant that destroy DNA, RNA, and proteins, thus exterminating microbial cells [@bib12]. Gram-positive bacteria have a profound and dense cell wall that contains peptidoglycan and teichoic acids in layers, while gram-negative bacteria have slender and thin peptidoglycan cell walls that comprise by lipopolysaccharides and lipoproteins layers of lipid membranes. MNPs are regarded promising nano-scale materials and revolutionize the ability to manage wastewater [@bib56]. By avoiding their accumulation during implementation, the antimicrobial characteristics of these oxide-based NMs will be improved; consequently, the choice of sufficient scattering agents will still be a complicated mission [@bib9].

3.8. Application of MNPs in water and wastewater treatment {#sec3.8}
----------------------------------------------------------

The fabricated MNPs are naturally coated to ameliorate their colloidal constancy and water dispensability, and to afford excellent chemical structure for the addition of bioactive molecules [@bib57]. Three different water samples (raw surface water, raw domestic wastewater and synthetic contaminated tap water) were disinfected by 25 ppm of MNPs within various exposure times. The physico-chemical properties of tested water samples were estimated to characterize these samples before exposure to MNPs dosage ([Table 3](#tbl3){ref-type="table"}).Table 3Physico-chemical properties of the three tested water samples.Table 3ItemsUnitTested water samplesRaw Nile waterRaw wastewaterSynthetic DW**Physic-chemical properties**pH7.88.27.4TurbidityNTU1.214\--CODmgO~2~/L17145\--BOD~5~mgO~2~/L784\--TSSmg/L323858112TDSmg/L4761250224Ironmg/L0.84.5\--Manganesemg/L0.13.4\--Oil & greasemg/L0.827.6\--[^1]

The population numbers of eight problematic microbes were estimated in all tested water samples. For low initial load of microbial populations (around log 3.3--3.7 CFU/ml) in raw Nile surface water, the complete log reduction was recorded for all estimated microbes after 10 min for Gram-negative bacteria, 15 min for Gram-positive bacteria and *C. albicans* and 30 min for *A. niger* ([Table 4](#tbl4){ref-type="table"}).Table 4Cell viability and log counts of tested harmful microbial lineages disinfected with 25 ppm of MNPs within different exposure time in raw (Nile) surface water.Table 4Detected microbesCounts (CFU/ml)Dosage of MNPs-disinfectant\
Exposure time (min)051015304560*E. coli*L.C3.7480.95400000L.R02.7943.7483.7483.7483.7483.748*S. enterica*L.C3.5311.02300000L.R02.5083.5313.5313.5313.5313.531*P. aeruginosa*L.C3.6120.95600000L.R02.6563.6123.6123.6123.6123.612*S. aureus*L.C3.5791.8541.5140000L.R01.7252.0653.5793.5793.5793.579*L. monocytogenes*L.C3.3611.9341.2950000L.R01.4272.0663.3613.3613.3613.361*E. faecalis*L.C3.4911.7831.3630000L.R01.7082.1283.4913.4913.4913.491*C. albicans*L.C3.4911.7831.3630000L.R01.6281.7923.7483.7483.7483.748*A. niger*L.C3.5342.3071.7830.563000L.R01.2241.7482.9683.5313.5313.531[^2]

As shown in Tables [5](#tbl5){ref-type="table"} and [6](#tbl6){ref-type="table"}, under static condition (250 rpm shaking and 25 °C) and different exposure time, the viable cell counts were estimated for tested microbial lineages in raw domestic wastewater and synthetic contaminated DW samples before and after treatment with 25 ppm. After 30 min of exposure time, there was no any living bacterial cells (full eradication) of Gram-negative bacteria are present in treated sample. While Gram-negative bacteria need to a bit of long time up to 45 min to fully eradicate. In case of *A. niger*, the complete log reduction was observed after 60 min of exposure time.Table 5Cell viability and log counts of tested harmful microbial lineages disinfected with 25 ppm of MNPs within different exposure time in raw domestic wastewater.Table 5Detected microbesCounts (CFU/ml)Dosage of MNPs-disinfectant\
Exposure time (min)051015304560*E. coli*L.C6.5391.9871.3430.842000L.R04.5525.1965.6976.5396.5396.539*S. enterica*L.C6.3222.3421.8931.213000L.R03.984.4295.1096.3226.3226.322*P. aeruginosa*L.C5.7162.5472.0831.086000L.R03.1693.6334.635.7165.7165.716*S. aureus*L.C5.5792.5202.3491.2310.87600L.R03.0593.234.3484.7035.5795.579*L. monocytogenes*L.C5.7483.0342.7201.4280.58100L.R02.7143.0284.325.1675.7485.748*E. faecalis*L.C6.6233.1672.6742.2450.78300L.R03.4563.9494.3785.846.6236.623*C. albicans*L.C6.5343.6243.0832.5040.91500L.R02.913.4514.035.6196.5346.534*A. niger*L.C6.3223.9463.2102.7381.2010.7290L.R02.3763.1123.5845.1215.5936.322[^3]Table 6Cell viability and log counts of tested harmful microbial lineages disinfected with 25 ppm of MNPs within different exposure time in synthetic contaminated drinking water.Table 6Detected microbesCounts (CFU/ml)Dosage of MNPs-disinfectant\
Exposure time (min)051015304560*E. coli*L.C6.532.0141.8010.740000L.R04.5164.7295.796.536.536.53*S. enterica*L.C6.322.7642.2931.033000L.R03.5564.0275.2876.326.326.32*P. aeruginosa*L.C5.7162.8772.3950.928000L.R02.8393.3214.7885.7165.7165.716*S. aureus*L.C5.5792.9522.7912.1311.51400L.R02.6272.7883.4484.0655.5795.579*L. monocytogenes*L.C5.7483.5702.9072.0281.29500L.R02.1782.8413.724.4535.7485.748*E. faecalis*L.C6.6233.1462.8181.8031.36300L.R03.4773.8054.825.266.6236.623*C. albicans*L.C6.5314.2462.8182.2241.95600L.R02.2853.7134.3074.5756.5316.531*A. niger*L.C6.3224.5463.8182.5032.1631.0710L.R01.7762.5043.8194.1595.2516.322[^4]

The bactericidal efficacy could be displayed in brief in the following order: *E. coli* \> coliforms \> *Enterococcus* species \> Gram-positive bacteria [@bib48]. TiO~2~ can deactivate both Gram-negative and Gram-positive bacteria; however, it has been stated that extreme Gram-positive bacteria have unveiled a powerful resistance to TiO~2~, that could be credited to their spores formation ability [@bib49]. While there is no strain that showed full removal of evolution, the elimination percentages were about 93%--99.5% for magnetic nanoparticles as opposed to *E. coli* and *Listeria* sp. after 2 hours of subjection, respectively. The results of the wastewater disinfection studies showed that MTUF has remarkable antimicrobial behavior in the water and wastewater remediation treatment approach [@bib46].

4. Conclusion {#sec4}
=============

The particle nanosize of Zn~2~Ti~0.8~Fe~0.2~O~4~ has been controlled successfully during calcination at 800 °C, which form dense and homogeneous nanoparticles. The phase of cubic structure Zn~2~Ti~0.8~Fe~0.2~O~4~ was identified using X-ray diffraction and the crystallite size is 55 nm. FE-SEM results reveal that dense Zn2Ti0.8Fe0.2 O\'4 nanoparticles had been formed with high surface area and average particle size is ∼60 nm. The dielectric constant decreases and the conductivity increases of Zn~2~Ti~0.8~Fe~0.2~O~4~ with increasing the frequency, also the loss tangent attains high values at low frequency. An obvious the absorption coefficient increases and shifted towards a higher THz frequency and the refractive index at the lower THz is higher than at the optical frequency for Zn~2~Ti~0.8~Fe~0.2~O~4~ nano-particles were seen when applying the external applied field. The dielectric and terahertz results should be a good reference for the future research of the optical field.

Antimicrobial susceptibility testing demonstrated that MNPs had an excellent potential to deactivate tested dangerous microbial strains. Results indicate that nano-particles Zn~2~Ti~0.8~Fe~0.2~O~4~ are non-toxic and safeguard for humans. MNPs are therefore regarded as an affordable and exceptional candidate for the disinfection during water and wastewater treatment of ubiquitous damaging microbial superbugs. MNPs could also be recovered from the water and recycled many times in the treatment of water and wastewater.
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[^1]: TSS = Total suspended solids, TDS = Total dissolved solids.

[^2]: L.C = Log counts, L.R = Log reduction.

[^3]: L.C = Log counts, L.R = Log reduction.

[^4]: L.C = Log counts, L.R = Log reduction.
